Abstract ZnO nanoparticles (NPs) have been synthesized on porous silica microparticles, namely sand microparticles using the sol-gel technique. The ZnO NPs grown on the multifaceted surface of porous silica microparticles were applied as photocatalyst for the degradation of methylene blue (MB) in aqueous solution. The enhanced rate constant observed was due to two reasons. Firstly, the multifaceted surface of the sand substrate provided fixed space for growth space which prevented agglomeration of the ZnO NPs photocatalyst, thus maintaining a large surface area. Secondly, the presence of nanopores on the sand surface provided adsorption sites for MB molecules to be in the vicinity of the photocatalyst. The photocatalytic activity was significantly enhanced where photodegradation efficiency of supported ZnO NPs reached 71.7% compared to 48.2% for unsupported ZnO NPs under UV light irradiation within 150 min. The values of k increased from 4.3 9 10 -3 min -1 to 8.6 9 10 -3 min -1 for unsupported and supported ZnO NPs, respectively.
Introduction
Nanomaterials possess unique and beneficial chemical, physical and mechanical properties which can be used for a wide variety of applications. However, the greatest technical challenge in the application of nanoparticles is agglomeration. The high surface area to volume ratio of nanoparticles resulted in very high surface energy (Nanda et al. 2003) . To minimize its surface energy, the nanoparticles tend to agglomerate (Tang et al. 2006) . Uncontrolled agglomeration of nanoparticles occurs due to strong van der Waals attraction forces between particles (Cao 2004) . In nanomaterials, the percentage of surface atoms are high, resulting in enhanced particle reactivity (Gilbert et al. 2004; Roduner, 2006) . This causes nanoparticles to adhere among themselves and to other materials, including container walls. The agglomeration of nanomaterials will inevitably diminish the expected benefit of the size effect.
Many techniques have been employed to overcome the problem of nanoparticle agglomeration. These include the use of surfactants (Ortiz Landeros et al. 2012; Zhang et al. 2009 ), emulsification (Binks et al. 2010; Noshirvani et al. 2017 ) external forces (Bandekar et al. 2014; Guo et al. 2016; Sauter et al. 2008 ) and the use of substrates (Miao et al. 2007; Zhang, Xue and Wang 2002) . In principle, nanoparticles synthesized on substrates will be fixed in space and agglomeration can be prevented (Sun and Sirringhaus 2006) . Examples of conventional substrates used are glass (Mamat et al. 2010; Zhang et al. 2002) and silicon (Kuo et al. 2007; Lin, Fu and Jia 2001) . The control over either agglomeration of nanoparticles or adhesion of nanoparticles remains the major problem, especially for photocatalysis application. A porous substrate is an alternative and promising way to improve the adhesion of nanoparticles. The pores limit the size of nanoparticles and provide excellent adhesion to the nanoparticles.
ZnO as a photocatalyst afforded several advantages such as being photocatalytically more active than others (Jang et al. 2006 ) and having excellent chemical and photochemical stability, non-toxicity (Amna et al. 2015; Pung ET AL. 2012) , low cost and large exciton binding energy (60 meV) for nanoparticles (Mollwo 1982) . In nanoparticle form, ZnO is expected to provide significantly enhanced reactivity due to increased specific area and changes of the surface properties of the sample (Dodd et al. 2006) .
In this paper, we present the results of a study on the use of porous silica microparticles, namely sand microparticles as substrates for the growth of ZnO nanoparticles (NPs). Sand microparticles were chosen due to the presence of nanosized pores which provide physical space for the dye solution to be temporarily adsorbed during the photodegradation process. Good adhesion of the ZnO NPs during the growth process is facilitated, due to the presence of nanosized pores, pits and lines at the surface of the sand. The photodegradation efficiency of supported ZnO NPs to unsupported ZnO NPs of similar size and under similar conditions was compared to evaluate the effect of agglomeration in unsupported ZnO photocatalyst on the photodegradation efficiency.
Experimental method Preparation of porous silica microparticles
River sand particles with sizes between 200 and 500 lm were soaked in acetone under stirring for 24 h to remove organic materials. After rinsing in deionized (DI) water, the sand particles were soaked in sulfuric acid for 24 h to remove metallic and inorganic materials. Lastly, the sand particles were sonically cleaned in methanol and DI water, followed by drying on a hot plate.
Synthesis of supported ZnO nanoparticles on porous silica microparticles
Before deposition, the cleaned sand microparticles were seeded with a very thin ZnO layer. This is achieved by three cycles of soaking in a 0.005 M zinc acetate solution and annealing at 300°C. Deposition of ZnO was by the chemical method using 0.05 M of zinc nitrate hexahydrate and 0.05 M hexamethylenetetramine (HMTA), both in DI water. The solution was set at pH 8 by adding 1.0 M sodium hydroxide (NaOH) solution. 5 g of sand microparticles was added to the growth solution, which was stirred continuously at 100°C for 6 h. Then, the solution was continuously stirred for a further 12 h at room temperature for the aging process. Sand microparticles deposited with ZnO NPs were extracted from the solution by sieving to remove loose ZnO NPs before being annealed at 300°C for 2 h. X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) were used to characterize the samples. The amount of ZnO NPs deposited was estimated by comparing the weight of similar volumes of the sand deposited with ZnO NPs and clean sand samples.
Synthesis of unsupported ZnO nanoparticles
Unsupported ZnO NPs (loose ZnO NPs) were synthesized using equal volumes of 0.01 M of zinc nitrate hexahydrate as the zinc source and 0.01 M of HMTA as a stabilizer, both dissolved in DI water. The mixed solution was stirred at 100°C for 6 h, then cooled to room temperature and extracted from the solution. The ZnO NPs powder obtained was calcined at 300°C for 2 h on a hot plate and then characterized using XRD and FESEM.
Photodegradation of methylene blue under ultraviolet (UV) light
The photocatalytic degradation of methylene blue (MB) was performed under UV light at 254 nm. 30 mg unsupported ZnO NPs and the weight equivalent of supported ZnO NPs were used as the photocatalysts. The equivalent weight was determined based on a calibration process described in section S1 in the electronic supplementary document. The initial concentration of the MB solution was 5 mg/L. Before the photodegradation process, the MB solutions containing the photocatalysts were stirred in the dark until equilibrium absorption of MB on the photocatalysts occurred as shown in Figure S2 in the electronic supplementary document. Then, the photodegradation process commenced under UV light irradiation for a duration up to 150 min. At 15 min interval, about 4 ml of the solution was extracted and centrifuged to remove ZnO NPs. UV-Vis absorption spectrometry was performed on the extracted MB solution where its concentration was estimated based on the characteristic MB UVVis absorption peak at 664 nm. For comparison, photodegradation experiments using supported ZnO NPs without irradiation and sand under UV as well as without UV were also performed.
Results and discussions

Structure and morphology
The XRD spectra of sand microparticles, unsupported ZnO NPs and supported ZnO NPs are shown in Fig. 1 . The XRD peaks from the sand microparticle sample shown as trace (a) gave peaks at 39.67°, 40.38°, 42.59°, 45.9°, 50.38°, 55.11°and 60.11°, which were attributed to the (012), (111), (200), (201), (134), (022) and (211) Detailed analysis of the XRD results are given in section S3 in the electronic supplementary document. In Table S1 , which shows an evaluation of the preferential orientation of the samples, a slight orientation preference to the (100), (002) and (101) planes is given for the supported ZnO NPs samples when compared with the standard ZnO powder sample. Also, some variation was observed. Crystallite size based on estimations using the Scherrer equation showed slightly bigger crystallites of ZnO NPs grown on sand compared to unsupported ZnO NPs (see Table S2 ). These factors are unlikely to affect the photocatalytic activity, which depends on the band gap and the defect levels of the photocatalyst. Figure 2 shows the typical FESEM images of sand microparticles, and supported and unsupported ZnO NPs samples. Figure 2a shows the morphology of sand with particle size of between 200 and 500 lm. It clearly showed that the sand was structured with multifaceted surfaces and surrounded with nanopores. Figure 2b is a low-resolution image showing the growth of the ZnO NPs on the surface of microsized sand particles. The image of unsupported ZnO nanoparticles is shown in Fig. 2c . A close-up view of the supported ZnO NPs is shown in Fig. 2d . Based on the images, the particles sizes were estimated to be between 37.5 and 76.2 nm for unsupported ZnO NPs and 33.8-89.8 nm for supported ZnO NPs. Figure 3 shows the TEM images of ZnO NPs on microscopic sand. The high-resolution image, as in Fig. 3c , shows that the ZnO NPs with interplanar spacing of 0.26 nm adhered seamlessly to the sand particles. This value corresponds to the d-spacing of the ZnO (002) plane and indicates that ZnO NPs grew in the direction of [0001] . Continuous growth of ZnO NPs occurred on the sand particles, and it seemed that the ZnO NPs grew out of nanosized pits and craters on the surface of the sand particles. This demonstrated that ZnO NPs efficiently adhered to the sand particles.
Photocatalytic activity
UV light may cause degradation of methylene blue molecules even without catalysts. To test the extent of degradation afforded by UV light, we exposed MB solution to UV light. The results are shown in Figure S3 in section S4 in the electronic supplementary document, which indicated that degradation due to UV light alone was negligible. Figure 4 shows the time evolution of the UV-Vis spectra of MB solution at about 664 nm in the photodegradation experiments using sand, and supported and unsupported ZnO NPs, all under 254 nm under UV light irradiation, as well as results using supported ZnO NPs but kept in the dark as control. The peak height of the MB UVVis characteristic peak at 664 nm was taken as the relative concentration of MB in the solution. Figure 5 shows the time-varying plot of the degradation percentage of MB due to the photodegradation process. The photodegradation efficiency (%) defined as the maximum photodegradation at 150 min was calculated as follows:
where C 0 and C 150 are the concentrations of MB at t = 0 and t = 150 min, respectively, while A 0 and A 150 represent the intensity of MB characteristic absorption wavelength 664 nm at t = 0 and t = 150 min, respectively (Xu et al. 2008) .
Here, the change between the values of A 0 and A 150 which were the initial (at t = 0) and final (at t = 150 mins) peak heights of the characteristic MB UV-Vis absorption using supported ZnO NPs, respectively, but kept in the dark was about 14.7% as shown in Fig. 5 . This was due to the adsorption of MB molecules on the photocatalyst surface. Pure sand particles under UV light irradiation and without irradiation yielded a maximum removal of 15.6 and 15.3%, respectively. The slight increase was due to the greater efficiency of MB adsorption on sand than on ZnO, though there was a possibility of the presence of a trace amount of photocatalysts, such as iron oxide, which were not detected in the XRD analysis. Here, the use of sand particles as support for ZnO NPs photocatalyst seemed to enhance the adsorption of MB on or in the vicinity of the photocatalyst. Maximum photodegradation of 48.2% was obtained when unsupported ZnO NPs was used. With supported ZnO NPs, a value of 71.7% was obtained, providing an increase of almost 49%. There can be three possible reasons for the enhancement. First, the nanoparticles were on the sand surface and were prevented from agglomerating. Second, the microsized sand particles suspended in the solution under stirring provided less scattering effect of the UV light used. Third, as mentioned earlier, MB are more efficiently adsorbed in the vicinity of the ZnO NPs photocatalyst deposited on sand than on unsupported ZnO NPs. The degradation of dye can be described by the pseudofirst-order equation with the simplified Langmuir-Hinshelwood model:
In linear form:
where C 0 is the MB initial concentration, C is the concentration of the MB solution after the degradation time, and t and k are the photodegradation rate constant. The linear plot of ln(C/C 0 ) versus t for degradation of MB solution using unsupported ZnO NPs photocatalyst kept in the dark and sand, unsupported ZnO NPs and ZnO NPs on sand microparticles are shown in Fig. 6 . From the linear fittings, the values of the photodegradation rate constant were obtained. The results showed that the supported ZnO NPs under UV light irradiation gave the highest photocatalytic performance, where the value of k was 8.6 9 10 -3 min -1 compared to unsupported ZnO NPs (4.3 9 10 -3 min -1 ). Here, the k value using supported ZnO was double that of the unsupported sample, thus demonstrating that using microsized support the nanosized effect of the ZnO NPs was better utilized than in the unsupported form, where agglomeration was expected to be more prevalent. Another advantage is that the supported ZnO NPs can be more easily recovered for reuse. Also, we demonstrated the efficiency of using microsized sand particles as support for ZnO NPs which provided good adhesion of ZnO NPs and good adsorption of MB molecules during the photocatalysis process.
The used of sand microparticles as template for ZnO NPs growth placed the MB molecules in the vicinity of the photocatalyst. Figure 7 shows an illustration of how agglomeration of nanoparticles in loose powder occured. The agglomeration of nanoparticles mainly occurred due to high surface energy, high surface tension and strong van der Waals forces. During the synthesis process, primary particles with sizes less than 100 nm were produced. In this stage, greater interaction between nanoparticles and higher attractive forces occurred due to high surface area. The high attractive forces of reactive nanoparticles cause a strong adhesion between nanoparticles and consequently lead to the agglomeration of nanoparticles. A strong adhesion between nanoparticles can be reduced by providing a substrate to immobilize the nanoparticles. Achak et al. (2009) reported applying sand as a filter to remove up to 60% of organic pollutants and nutrients from olive mill wastewater. According to Tao and Mancl (2008) , the ideal particle sizes of sand for intermittent bioreactors are medium to coarse sand with an effective size in the range of 0.3-1.5 mm. The pores will not only provide a surface with good adhesion for ZnO NPs growth, but also adsorb MB molecules in the vicinity of the ZnO NPs photocatalyst, which will further enhance the photodegradation process. The oxidation and reduction process is accelerated by the reaction of oxygen molecules and water to form the superoxide radical anion and hydroxyl radical, respectively. Finally, carbon dioxide, water and smaller organic molecules were produced (Umar and Aziz 2013).
Conclusion
The photodegradation rate constants of 8.6 9 10 -3 min -1 and 4.3 9 10 -3 min -1 were obtained using ZnO NPs grown on microsized sand and unsupported ZnO NPs, respectively. 100% enhancement was obtained using ZnO NPs of similar size. The enhancement was mainly due to the elimination of the possibility of agglomeration of the ZnO NPs which can readily occur in the unsupported sample. The use of sand microparticles provided the advantages of good adhesion of the ZnO NPs and good adsorbance of MB molecules in the vicinity of the ZnO NPs photocatalyst. The supported ZnO NPs afforded a photodegradation efficiency of 71.7% under UV light irradiation for 150 min compared to 48.2% obtained with the unsupported ZnO NPs photocatalyst.
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